Janus particles represent a unique group of patchy particles combining two or more different physical or chemical functionalities at their opposite sides. Especially, individual Janus particles (JPs) with both chemical and geometrical anisotropy as well as their assembled layers provide considerable advantages over the conventional monofunctional particles or surfactant molecules offering (a) a high surface-to-volume ratio; (b) high interfacial activity; (c) target controlling and manipulation of their interfacial activity by external signals such as temperature, light, pH, or ionic strength and achieving switching between stable emulsions and macro-phase separation; (d) recovery and recycling; (e) controlling the mass transport across the interface between the two phases; and finally (f) tunable several functionalities in one particle allowing their use either as carrier materials for immobilized catalytically active substances or, alternatively, their site-selective attachment to substrates keeping another functionality active for further reactions. All these advantages of JPs make them exclusive materials for application in (bio-)catalysis and (bio-)sensing. Considering "green chemistry" aspects covering biogenic materials based on either natural or fully synthetic biocompatible and biodegradable polymers for the design of JPs may solve the problem of toxicity of some existing materials and open new paths for the development of more environmentally friendly and sustainable materials in the very near future. Considering the number of contributions published each year on the topic of Janus particles in general, the number of contributions regarding their environmentally friendly and sustainable applications is by far smaller. This certainly pinpoints an important challenge and is addressed in this review article. The first part of the review focuses on the synthesis of sustainable biogenic or biocompatible Janus particles, as well as strategies for their recovery, recycling, and reusability. The second part addresses recent advances in applications of biogenic/biocompatible and non-biocompatible JPs in environmental and biotechnological fields such as sensing of hazardous pollutants, water decontamination, and hydrogen production. Finally, we provide implications for the rational design of environmentally friendly and sustainable materials based on Janus particles.
Introduction

Janus particles
Janus particles (JPs), named after the two-faced god Janus from Roman mythology, represent a unique class of patchy particles and synergize two different functionalities at their opposite sides ( Fig. 1a ). They can be divided into three subgroups of hard (inorganic), soft (organic or polymeric), and hybrid (organic/inorganic) JPs. Apart from conventional spherical shapes, many other geometries of JPs, such as dumbbell-like [2] [3] [4] [5] , snowman-like [6] [7] [8] [9] [10] [11] [12] [13] , platelet-like [14] [15] [16] , or rod-like [17, 18] shapes, have been successfully obtained. Casagrande et al. first applied the term "Janus beads" in 1988 to describe the behavior of amphiphilic beads at water/oil interfaces [19] . Pierre-Gilles de Gennes hypothesized about the potential of Janus grains in his Nobel Prize lecture [20] . During the past 20 years, the research on JPs has prospered (Fig. 1b,c) including manifold synthetic routes for the fabrication of JPs, investigation of their properties, computer simulations as a new perspective to investigate perfect monodisperse Janus particles [21] [22] [23] [24] , and their potential for various application fields [25] .
Individual JPs with both chemical and geometrical anisotropy as well as their assembled layers benefit from their remarkable advantages over the conventional monofunctional particles or surfactant molecules. Due to their anisotropic character, JPs can offer amphiphilic surface properties and a high interfacial activity, so they are also known as solid or colloidal surfactants. The interfacial activity of amphiphilic JPs can be controlled and manipulated by external signals such as temperature, light, pH, or ionic strength by implementation of stimuli-responsive materials to achieve a switching between stable emulsions and macro-phase separation. The stimuli-triggered separation enables the recovery and reusability of JP-based system, besides the use of magnetic components in the design of JPs. Furthermore, the mass transport across the interface between the two phases can be carefully controlled by the size, edge geometry, and porosity of the employed JPs. Finally, the combination of several tunable functionalities in one JP allows their use either as carrier material for the immobilization catalytically active substances or, alternatively, their site-selective attachment to substrates keeping the second hemisphere active for further reactions. All these advantages make JPs a new generation of intelligent building block for the design of advanced materials.
Aspects of environmental sustainability
Bio-based Janus particles: biocompatibility and biodegradability of Janus particles To avoid any negative impact of the JPs on the environment, non-hazardous or even biogenic materials should be preferred for the JP synthesis especially in environmental and biological contexts. The utilization of bio-based materials for the synthesis of JPs meets some requirements of the green chemistry concept, such as the use of less hazardous materials, generation of safer products by design, and employment of preferably renewable raw materials [26] . Therefore, several groups aim for the design of JPs based on different bio-based materials (Table 1) . Polysaccharides, such as alginates [27] [28] [29] [30] [31] [32] [33] [34] 38] , chitosan [32, 35, 36, 40, [54] [55] [56] [57] , pectin [38] , cellulose [39] , and heparin [40] , are a very often used group of biogenic materials. Further substance classes such as polypeptides [41] or inorganic compounds [32, 42] have not been extensively used yet.
Apart from biogenic materials that provide a certain biocompatibility and degradability by nature, there are also few synthetic biocompatible and biodegradable materials used for JP synthesis and application present in literature. The most commonly used materials are poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), and polycaprolactone (PCL). These synthetic polyesters are FDA-approved, biodegradable polymers that are frequently used in drug delivery systems (Table 1) .
Soft, organic JPs are the largest group among biogenic and biocompatible JPs comprising microgels and microcapsules. One of the most common techniques used for the fabrication of these soft biogenic or biocompatible JPs is the microfluidic approach that provides monodisperse JPs with diameters ranging from tens to hundreds of micrometers. Droplet-based microfluidic processes for the fabrication of anisotropic microgels have been accomplished using w/o emulsion droplets combined with UV-induced polymerization or ionic crosslinking to solidify the Janus droplets (on-chip or offchip) [28] . The design of the fabrication process broadly varies from (double) T-junction microfluidic devices [27, 36, 58] , stop-flow lithography microfluidic techniques [59, 60] , flow-focusing microfluidic devices [30, 33, 38, 44, 61] , double emulsion droplet templates [62] , and single emulsion/offchip cross-linking [28] . Using this technique, magnetic and/or fluorescent components can be easily embedded in one compartment of the JPs [27, 30, 34, 36] .
Further techniques for the fabrication of biogenic JPs follow very diverse approaches, such as electrohydrodynamic co-jetting [45] , double emulsion solvent evaporation [46] , single-step solvent emulsion [43] , and polymerization [52] and template-based methods [32] , and are rather hardly represented in the literature.
Recovery and recycling of Janus particles
Recovery and recycling of materials are further key aspects for environmental sustainability, therefore also for JPs. "Recovery" describes the process of removing a material for (re-)use; however, "recycling" refers to the process of converting a waste material into a new one. Nonetheless, both aspects are key issues of modern waste reduction and aim at the environmental sustainability and the concept of green chemistry [26] . JPs offer problematic concerns, but also large potential for their recovery and recycling. On the one hand, nano-and micro-sized (Janus) particles can be hardly retained by conventional technologically used filter systems and would be released to the environment and ground water with so far unknown consequences. On the other hand, JPs feature great potential, i.e., in terms of their multifunctionality, to get separated after their successful use.
One of the easiest methods to recover (Janus) particles from a liquid medium is the centrifugation of these particles, as shown by many groups [8, [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] . However, this approach lacks in its applicability, since only very limited volumes can be treated. Nevertheless, it could be proved that JPs could be used multiple times as for example by Huang, Qi et al. for enzymatic catalysis (Fig. 2) [65] or by Prasad et al. for dye separation [67] . A further approach is the filtration of (Janus) particles as applied by Chen et al. [73] . This technique benefits from its simple applicability on many size scales, but is limited by the conflict between technologically realizable pore sizes (and related flow rates) and the small dimensions of micro-, submicro-, and nanometer-sized JPs.
Another more advanced possibility is the separation of JPs by magnetic fields, which can be enabled by the use of ferromagnetic materials such as Fe 3 O 4 [52] [53] design concept of the JPs. As an example, Zhang et al. demo n s t r a t e d t h e f a s t a n d e a s y r e c o v e r y o f poly(methylmethacrylate-acrylic acid-divinylbenzene)/ iron oxide JPs, used as demulsifier for heavy crude oilwater emulsions, by employing an external hand magnet without losing its interfacial activity [74] . Rhee, Kim et al.
or nickel in the
introduced Janus colloid surfactant catalysts with magnetic responsiveness in Pickering emulsion microreactors [75] . The amphiphilic JPs patched with Pd or Ag NPs assembled at the reactant-water interface and enhanced the reaction kinetics and product yields [75] . By co-patching of the JPs with Fe 3 O 4 NP, the products could be easily separated and the JP catalysts were recovered and reused in up to five cycles without significant loss in reaction conversion [75] . [78] ; and many others [79] [80] [81] [82] [83] [84] . Although magnetic separation is an easy and fast technique widely used in research systems, its industrial implementation has not been extensively realized yet.
One example combining reusability aspects with catalytic applications was developed by Synytska et al., who synthesized hybrid hairy JPs with an inorganic silica core (diameter: 200 nm) and poly(acrylic acid) (PAA) and polystyrene brush shells at the opposite sides of the core (Fig. 3a ) [64] . Catalytic Ag or Au NPs could be selectively immobilized into the PAA brushes ( Fig. 3b ) [64] . The hairy polymer shells provided a better distribution of the noble NPs in the polymer, high wettability contrast between the polymers, and stimuliresponsiveness of the system on demand [64] . Thus, the JP catalysts combined efficient pH-responsive (re-)stabilization of o/w emulsions ( Fig. 3c ) and successful catalytic reduction of eosin Y at the water-oil interface ( Fig. 3d,e ) [64] .
Recently, a different approach for the separation of JPs was developed by the same group [85] . Bifunctional hybrid hairy PDMAEMA/PNIPAM JPs utilized for enzyme immobilization and dye-contaminated waste water treatment were separated by temperature-induced flocculation and sedimentation within 15 min [85] . At elevated temperatures above 40°C, the thermoresponsive PNIPAM brushes collapsed leading to hydrophobization of the JPs and, thus, to their aggregation. Subsequently, the supernatant could be removed and the JPs could be reused for enzymatic catalysis with only minor losses in enzymatic activity (2-5%) [85] .
Aspects of environmental application
In this chapter, we will address the tenth and the twelfth principle of green chemistry, based either on bio-based natural polymers or on fully synthetic biocompatible and biodegradable ones, which aim at the design of products for degradation and methodologies for pollution prevention, respectively [26] . Therefore, we introduce JP-based systems for water decontamination, environmental sensing, and production of hydrogen as alternative energy source. The focus of this chapter is rather placed on environmental and biotechnological applications than on the biocompatibility of the materials used for the JPs.
Sensing and monitoring applications
Sensing and monitoring in environmental contexts denotes the evaluation of water or food quality by measuring chemical, physical, or biological parameters [86] . The main objectives of environmental sensing are to monitor the current status of an environment, to warn about incoming hazardous changes, and to control remediation processes [86] . Sensing and monitoring approaches face several challenges, namely high sensitivity and specificity towards very low concentrations of contaminants, stability in complex natural media, and fast response times [87] . JPs may contribute to novel concepts of effective sensing and monitoring of various pollutants, which will be reviewed in the following subchapter.
Metal detection
In 2014, Kim and coworkers demonstrated 500-μm Janus-compartmental alginate microbeads for selective and facile colorimetric detection of lead(II) [88] . These JPs are composed of two divided phases of label-free sensory polydiacetylene (PDA) liposomes and magnetic NPs in an alginate hydrogel matrix [88] . The liposomes contain 1,2-dipalmitoyl-snglycero-3-galloyl lipids (DPGG) whose galloyl headgroups can form phenolic metal complexes with lead(II) [88] . The formed inter-and intraliposomal interactions induced distortion of the conjugated "yne-ene" main chain of PDA and produced a strong colorimetric signal with a color change from blue to red and a red fluorescence [88] . The alginate matrix also allows simultaneous removal of lead(II) ions via adsorption [88] . For easy handling during washing and detection process, the JPs can be magnetically manipulated [88] .
A further interesting example of JP-based metal detection was shown by Yoon et al. in 2018 [89] . They reported on streptavidin-modified retroreflective JPs employed for a highly selective and sensitive optical sensing platform for mercury ions with a detection limit of 0.027 nM [89] . In the presence of mercury ions, a biotinylated stem-loop DNA probe formed a double-stranded structure with the loop region via mercury-mediated thymine-thymine stabilization, which led to stretching of the DNA probe and exposition of the biotin moiety [89] . The biotin interacts with the streptavidin-modified JPs, which translate the Hg 2+ -structural changes in the DNA probe into a measurable optical signal [89] . Since the number of biospecifically bound JPs is proportional to the mercury concentration, the concentration of Hg 2+ could be also quantified between 0 and 100 nM of Hg 2+ [89] .
Recently, Xu et al. developed a facile microfluidic fabrication route for the synthesis of hybrid Au nanorod@Ag polyaniline Janus nanoparticles, which can be employed as a surface-enhanced Raman scattering sensor for the detection of mercury ions with good selectivity and sensitivity due to strong interactions between polyaniline and Hg 2+ ions [90] . The coordination of the nitrogen atoms of polyaniline and Hg 2+ ions reduced the stability of the JPs and caused aggregation between the JPs [90] . Thus, the resulting SERS enhancement is linearly dependent on the Hg 2+ concentration within a range of 1-150 nM [90] .
DNA detection
In 2010, Wang et al. proposed synthetic Au-Pt nanomotors, which were able to detect DNA and bacterial ribosomal RNA ( Fig. 4) [91] . This fast, simple, and sensitive DNA-sensing concept is based on measuring changes in the speed of catalytic nanomotors caused by the dissolution of Ag NP captured in a sandwich DNA hybridization assay [91] . In presence of target DNA, the nucleic acid target formed a duplex with a thiolated DNA capture probe and a Ag NP detector probe [91] . The Ag NP tags dissolve in the hydrogen peroxide fuel solution [91] . Subsequently, the released silver ions caused a significant increase in the speed of the added nanomotors ( Fig.  4a ) [91] . The sensing approach is also a quantitative concept: the higher the concentration of the nucleic acid target, the more Ag NPs are captured and releasing Ag + ions, and the faster the movement of the nanomotors (Fig. 4b ) [91] .
Baeza, Vallet-Regí et al. demonstrated a different, biocatalyzed approach of DNA sensing using self-propelled micro/nanomotors [92] . The synthesized mesoporous silica particles were asymmetrically modified with catalase and single-stranded DNA [92] . Catalase enabled the swimming performance by generating oxygen bubbles in a diluted hydrogen peroxide solution [92] . The single-stranded DNA selectively captured a DNA-functionalized micrometric cargo particle [92] . The DNA strands are not complementary to each other, but they are complementary to one of the terminal fragments of a larger analyte strand that serves as a highly selective bridge between the particles [92] . Only in case of hybridization of both sides of the analyte DNA the motor was connected to the cargo system and movement could be detected [92] . Thus, the presented hybrid nanomotors are able to detect, capture, and isolate DNA in biological samples [92] .
Bacteria detection
The fast and sensitive detection of bacteria is indispensable in many fields of application such as food safety, medical diagnostics, water quality, and counter terrorism [93] [94] [95] . Foodborne pathogens like Escherichia coli, Salmonella, Listeria monocytogenes, and Campylobacter infect millions of people worldwide every year. Commonly, these bacteria are detected using culture techniques, ELISA (enzyme-linked immunosorbent assay), microscopy, or PCR (polymerase chain reaction), which are time-consuming, labor-intensive, and not real-time. Therefore, novel strategies for the rapid, sensitive, reliable, and simple detection of these pathogens is urgently needed.
Li et al. proposed a "motion-capture-lighting" strategy by motion-enhanced capture of bacteria and captured-induced fluorescence of micromotors [95] . They used Janus fiber rods (JFRs) prepared by cryocutting of aligned fibers made by sideby-side electrospinning [95] . To enable bubble propulsion of the Janus fiber rods, catalase was grafted on one side of the fibers to generate oxygen bubbles ( Fig. 5a ) [95] . The other side was modified with mannose for specific recognition of FimH proteins of fimbriae on bacterial surfaces ( Fig. 5a ) [95] . Capture of E. coli on the mannose-functionalized fiber side led to lighting up of the Janus micromotors due to aggregationinduced emission effect of the incorporated tetraphenylethene derivative ( Fig. 5a ) [95] . The fluorescence color of the E. colicontaminated Janus micromotor suspensions turned from to blue to green ( Fig. 5b ) [95] . The bacterial concentrations could be also quantified from the fluorescence intensities ( Fig. 5b ) [95] .
Toxin detection
Besides the contamination of food and water with bacteria, mycotoxins produced by around 200 different organisms of the fungus kingdom are capable of causing severe diseases to humans and animals. Due to their negative effects on public health, levels of these mycotoxins are strictly regulated in legal requirements of the European Union. Current approaches for mycotoxin detection and determination employing immunoassays and liquid chromatography coupled to tandem mass spectrometry lack in their practical applicability especially in terms of real-time monitoring, complexity, and nonportability [96] . In 2019, two different Janus particle-based approaches were developed for the detection of ochratoxin A (OTA), a toxic mycotoxin produced by several Aspergillus and Penicillium species. Zhao et al. reported on a ratiometric SERS (surface-enhanced Raman scattering) aptasensor for the quantitative detection of ochratoxin A based on plasmonic Au-Ag Janus nanoparticles [97] . The Au-Ag Janus NPs were fabricated via sequential growth of silver islands on gold cores. The ligand 2-mercaptobenzoimidazole-5-carboxylic acid (MBIA) operates as a Raman reporter, while the Au-Ag Janus NPs enhance the SERS signal. The combination of these JPs with highly stable MXenes nanosheets allowed the introduction of an internal standard for quantitative analysis of ochratoxin A [97] . The Janus NPs were connected to the MXenes nanosheets via hydrogen bonds and chelation interaction between phosphate groups and titanium ions. In absence of OTA, Raman signal from both MXenes nanosheets and Janus NPs could be detected. In the presence of OTA, the OTA aptamer preferably interacts with the OTA target, leading to the dissociation of the Janus NPs from the MXenes nanosheets and to a decrease of the SERS signal. The amount of OTA could be then quantified based on the linear correlation between the ratiometric peak intensity of I Janus NP /I MXenes and OTA concentration [97] . This sensitive and reliable approach can be also applied for the quantitative determination of analytes in real systems such as red wine [97] .
In another contribution, He, Shuang et al. presented an organic JP-based aptasensor ochratoxin A detection [98] . In this approach, aminated polystyrene particles were coated on one hemisphere with gold by vacuum evaporation. Then, a thiolated ochratoxin aptamer was immobilized onto the gold layer for selective OTA identification. The second hemisphere of the polystyrene particles carrying amino groups on the surface was used to bind the JPs to the surface of a glassy carbon electrode modified with carboxylated graphene via peptide bonds. The sensor was able to detect interactions between aptamer and OTA by differential pulse voltammetry (DPV) with OTA concentrations in the range from 10 −5 to 10 nM. The system could be also successfully applied for the determination of OTA contents in red wine samples with high stability and reproducibility [98] .
Jurado-Sánchez, Escarpa et al. proposed the use of dynamic Janus micromotors as mobile sensors for the detection of toxins released by enterobacteria as indicators of food contamination [94] . The Janus micromotors were synthesized in a Pickering emulsion process and contain Platinum NP for bubble-propulsion and receptor-functionalized quantum dots for selective binding of 3-doxy-D-manno-oct-2-ulosonic acid target in endotoxin molecules, such as lipopolysaccharides from Salmonella enterica [94] . The fluorescence of the Janus micromotors was rapidly and concentrationdependently quenched when the quantum dots interacted with the target endotoxins [94] . Utilizing this micromotor assay, low endotoxin concentrations of 0.07 ng mL −1 could be detected within 15 min, which is far below the level toxic to humans (275 μm mL −1 ) [94] .
Water decontamination
Water contamination has become a serious global concern since it has harmful effects on the human health and the living environment. Therefore, rapid and efficient solution approaches are urgently required. Toxic contaminants comprise dispersed and dissolved organic and inorganic compounds, e.g., solvents, organic dyes, oil, personal care or consumer products, pharmaceuticals, pesticides, heavy metal ions, bacteria, and microplastics.
Degradation of organic components
Organic pollutants include a broad spectrum of compounds, such as pesticides, phenolic compounds, nitrogen-containing compounds, and phthalates. Pollution by these chemicals occurs by various mechanisms, i.e., via industrial wastewater, agriculture, or domestic effluents.
One solution approach to degrade organic pollutants employs photocatalytic reactions. Titania-based JP systems are often used in this context since titania is photocatalytically active, cost-efficient, widely available, and chemically stable [99] . Li, Jia et al. demonstrated the synthesis of an array of gold-titania Janus NPs for the photocatalytic degradation of methylene blue, which is often used as model pollutant [11] . In this simple approach, monolayers of organic-inorganic hybrid films are generated by spin-coating of a mixture of polystyrene-block-poly (ethylene oxide)/HAuCl 4 solution and titania sol-gel precursor solution, where HAuCl 4 and Fig. 5 a Fluorescence response of Janus micromotors after capture of E. coli. Self-propelled Janus micromotors were prepared by modification with TPEC-Man on one side and CAT on the other side of JFRs. The decomposition of H 2 O 2 fuels by conjugated CAT provided the propulsion force to enhance the specific binding between mannose moieties on Janus micromotors and E. coli, which initiated the AIE effect of TPE grafts and instant fluorescence "turn-on" of Janus micromotors. The PSMA side of JFRs was grafted with PEG (1), followed by TPEC grafting (2) and mannose immobilization (3) . The Boc groups on the PSMA-HDA-Boc sides of the JFRs were removed after incubation with trifluoroacetic acid (4), followed by PEI grafting (5) and CAT immobilization (6) . b Photographs of Janus micromotors suspensions taken under UV lamp illumination at 365 nm and fluorescence spectra of Janus micromotors suspensions after incubation with E. coli at different concentrations. Reproduced by permission of The Royal Society of Chemistry from ref. [95] . Copyright 2019 Royal Society of Chemistry titania were incorporated in the PEO domains [11] . The polymer matrix was removed by deep UV irradiation and array of Au-TiO 2 Janus NPs were obtained [11] . The Au-TiO 2 heterointerfaces of the Janus NPs provided an enhanced photocatalytic activity for the degradation of methylene blue compared to bare TiO 2 or Au-TiO 2 composite NPs [11] . In 2014, Chen, Lin and coworkers developed a different type of TiO 2based JPs and employed them as photocatalysts for rhodamine B degradation under UV irradiation [100] . In their synthesis a p p r o a c h , t i t a n i u m d i o x i d e / 3 -( t r i m e t h o x y s i l y l ) propylmethacrylate (MPS) was obtained by emulsion swelling polymerization of core-shell polystyrene@TiO 2 particles [100] . The MPS lobe was then coated with a phenolic resin. After sintering in nitrogen atmosphere, porous snowmanshaped TiO 2 /carbon JPs were obtained, which offered a more efficient photocatalytic degradation of rhodamine B than titanium dioxide hollow microspheres [100] . In 2016, Jassal, Agrawal et al. synthesized sub-micron sized titania-silica JPs using a Pickering emulsion strategy and calcined them afterwards [101] . The obtained silica particles half-coated with titania NPs provided a significantly higher adsorption and photocatalytic degradation rate of Solophenyl green dye compared to other titania structures [101] . The excellent photocatalytic performance was attributed to the unique Janus morphology: holes were generated in the valence band of titania, which could easily migrate to the valence band of Ti-O-Si at the interface [101] . This way, electron-hole pair separation was facilitated providing high carrier lifetimes [101] . In the same year, Guan et al. published titania-free multifunctional magnetic oleic acid-coated MnFe 2 O 4 /polystyrene JPs [82] .
These JPs, which could be simply prepared on a large scale, degraded organic dyes such as rhodamine B with hydroxyl radicals generated from the Fenton reaction between MnFe 2 O 4 and hydrogen peroxide [82] .
Recently, Pan et al. reported on hybrid silica JPs with sheetlike shape carrying bispecific artificial receptors for simultaneous adsorption 2,6-dichlorophenol and lead(II) [69] . The Janus nanosheets were fabricated in a self-assembled sol-gel process at the oil-in-water emulsion interface with subsequent grafting of the receptors [69] . One side offered a molecularly imprinted surface for binding of 2,6-dichlorophenol, and the other side was functionalized with cysteine with affinity to lead(II) [69] . These hybrid Janus nanosheets offered fast binding kinetics (60 min), large monolayer adsorption capacity (129.4 mg g −1 ), and high affinity to the pollutants [69] .
A few years ago, research tendencies changed from static JP systems towards dynamic and self-propelling micromotors for the treatment of wastewaters. Joseph Wang and his group demonstrated a dynamic solution approach for the efficient water purification [102] . They fabricated self-propelled activated carbon-based JP micromotors that are able to move in environmental media and, thus, to remove many organic and inorganic pollutants "on-the-fly" [102] . The Janus micromotors consist of activated carbon microspheres with a microporous patch of catalytic platinum, which enables their bubble propulsion with speeds of over 500 μm s −1 [102] . The activated carbon removed nitroaromatic explosives, organophosphorus nerve agents, and azo dyes [102] . A related system was developed by Guan et al. in the same year, who showed water-fueled TiO 2 /Pt Janus submicromotors for "on- Fig. 6 a Schematic of the propulsion mechanism of the TiO 2 -Fe micromotors (i) and images illustrating the state of the Janus micromotors without (ii) and with UV light (iii). b Absorbance spectra of rhodamine 6G (c = 5 mg mL −1 ) over time with micromotors with UV irradiation at pH 2.5, 5% H 2 O 2 , 1% SDS in a total volume of 600 μL (i) and photodegradation of rhodamine 6G over time with micromotors and H 2 O 2 under different conditions (ii). c Photograph of the micromotors without and with external magnetic field (i); histogram of the photodegradation efficiency of rhodamine 6G after 10-min treatments with the same micromotors for five times (ii). Reproduced by permission of The Royal Society of Chemistry from ref. [106] . Copyright 2019 Royal Society of Chemistry the-fly" degradation of organic dyes [103] . The motion of the JPs was governed by light-induced self-electrophoresis under the local electrical field generated by the asymmetrical water oxidation and reduction on the particle surface, and could be regulated by on/off switch, intensity and mode of the UV light [103] . A further example of dynamic Janus micromotors by Merkoçi et al. utilizes reduced graphene oxide-coated silica-Pt Janus magnetic micromotors, which were used for the rapid and efficient removal of persistent organic pollutants (POPs) such as polybrominated diphenyl ethers (PBDEs) and 5chloro-2-(2,4,dichlorophenoxy) phenol (triclosan) [104] . Chang and coworkers used multifunctional zerovalent-iron/ Pt Janus bubble-propelled micromotors for the dynamic degradation of organic pollutants [105] . A patch of platinum deposited onto one hemisphere of zerovalent-iron microparticles enabled the locomotion of the spheres, while the zerovalent iron acted as a heterogeneous Fenton-like catalyst [105] . The motion of the JPs enabled a much faster degradation of methylene blue compared to static iron microspheres [105] . Mei, Cai et al. enhanced this approach to novel two-inone TiO 2 -Fe Janus micromotors, which combined photocatalytic and Fenton reactions [106] . One hemisphere of the plain titania particles with a diameter of 15 μm was coated with iron ( Fig. 6a) [106] . In the presence of hydrogen peroxide and under UV irradiation, the micromotors moved due to photocatalytic decomposition of hydrogen peroxide on the titania sides ( Fig. 6a) [106] . The iron-coated hemisphere induced the degradation of organic pollutants, as shown in Fig. 6b for Fig. 7 a Scanning electron micrographs of hierarchical and mesoporous ZnO/Pt Janus micromotors with an average size of 1.5 μm with EDS data. b Schematic of the proposed motion mechanism of ZnO/Pt Janus micromotors. c Adsorption and photodegradation efficiency of ZnO/Pt micromotors. Reproduced with permission from ref. [107] . Copyright 2018 American Chemical Society rhodamine 6b, in a Fenton process [106] . The combination of photocatalytic propulsion and photo-Fenton process increased the degradation efficiency to the 52-fold of only Fenton effects and improved the bare photocatalytic performance by 40% [106] . Furthermore, the micromotors could be easily separated by an external magnet due to the magnetic properties of the iron and reused for at least five times with still high degradation efficiencies of 75% layer (Fig. 6c) [106] .
The spectrum of chemical functionalities for micromotors was further broadened by the group of Martin Pumera [107] . They produced mesoporous spherical ZnO/Pt Janus micromotors for the efficient removal of nitroaromatic explosives and dye pollutants by photodegradation under visible light ( Fig. 7) [107] . In a first step, porous flower-shaped ZnO particles were produced based on nanosheet assemblies, onto which the catalytic platinum layer was deposited afterwards in a physical vapor deposition process (Fig. 7a) [107] . The mesoporous 5 μm ZnO/Pt Janus micromotors move via catalytic bubble propulsion in the presence of H 2 O 2 (Fig. 7b ) [107] . The water purification capability of the mesoporous micromotors was demonstrated using two model pollutants, picric acid as explosive model and methyl orange as dye model, by both adsorption and photodegradation (Fig. 7c) . The adsorption and photodegradation capability of picric acid and methyl orange was three times higher for porous ZnO/Pt micromotors compared to nonporous ZnO-H/Pt particles since they have a larger active surface area and faster motion ( Fig. 7c) [107] .
Enhancements of self-propelled inorganic Janus micromotors were shown by Guan, Pumera et al. [108] . They generated a 3D-printed millimeter-scale motor acting as "aircraft carrier" of TiO 2 /Pt Janus micromotors [108] . The carrier motor could carry and release the Janus micromotors, which can be then propelled by light illumination while acting as photodegradation agents [108] . The 3D-printed motors moved fast for tens of meters due to the Marangoni effect by asymmetrically releasing ethanol [108] . Nitroaromatic explosives could be efficiently degraded over a large solution area [108] .
However, the degradation of organic pollutants by JPs is not limited to purely inorganic systems. The introduction of organic matter to create hybrid JP systems broadens the spectrum of possibilities in synthesis and application. In 2019, an organic-inorganic hybrid micromotor was presented by Guo et al. [83] . Combining the means of microfluidics and phase separation, monodisperse bubble-propelled micromotors with controllable sizes and shapes could be obtained in large quantities [83] . The incorporation of MnO 2 and Fe 3 O 4 NPs into the ethoxylated trimethylolpropane triacrylate matrix enabled bubble production from hydrogen peroxide and catalytic pollutant degradation, respectively [83] . Thus, methylene blue as model pollutant could be effectively degraded up to 93.8% within 4.5 h, which is significantly improved compared to [83] . Another hybrid JP-based system of silica@polydivinylbenzene/polystyrene snowman-like particles was synthesized via seeded emulsion polymerization and functionalized with hydrophilic ionic liquid moieties (Fig. 8a,b) [12] . Further modification with PW 12 O 40 3− as catalytically active species was introduced through anion exchange [12] . Due to the amphiphilic character and their catalytic properties, the snowman-like JPs stabilized toluene-in-water emulsions, simultaneously degraded 91.1 wt% of the dye methylene orange within 8 h, and enabled the transfer of the degradation products to the oil phase to improve degradation efficiency ( Fig. 8c) [12] .
In a following contribution from the same group of Liu et al., Fe 3 O 4 @SiO 2 paramagnetic JPs with phenyl and amino groups on different sides of the particles were synthesized in a Pickering emulsion process (Fig. 9a) [84] . Afterwards, the poly(ionic liquid)s were selectively grafted from the amino side via in situ induced ATRP [84] . PW 12 O 40 3− anions were again introduced onto the pol(ionic liquid)s hemisphere by anion exchange as shown before [84] . The obtained hybrid hairy JPs were then used as solid emulsifiers (Fig. 9b ), which provide catalytic properties for the degradation of watersoluble dyes such as methyl orange [84] .
Removal and recovery of oil
At the moment, fossil fuels, i.e., mineral oil, ensure a large part of our living standard despite a lot of environmental and political drawbacks going hand in hand with the use of mineral oil as energy and material source. Commonly used flooding techniques with surfactants, polymers, and/or alkali are more and more restricted due to severe environmental pollution, harsh reservoir condition but also high chemical costs. Thus, nanofluid flooding has attracted increasing attention since it is low-cost and a more environmentally friendly enhanced oil recovery technique. Silicon-and metal oxide-based NPs are conventionally used for nanofluid flooding, but they suffer from low efficiencies due to their missing amphiphilicity. JPs offer great potential for an amphiphilic material design, which can be employed the oil recovery processes. Ren et al. demonstrated a nanofluid containing a low concentration (0.01 wt%) of graphene-based amphiphilic nanosheets for tertiary or enhanced oil recovery [109] . These nanosheets accumulate at the oil-water interface and reduce the interfacial tension in a saline medium [109] . A climbing solid-like interfacial film was formed and the oil phase was rapidly separated from the water phase with an efficiency of about 15.2% [109] . Such sheet-like Janus structures benefit from their rotation restriction, leading to more stable emulsions, and a higher surface-to-volume ratio compared to spherical counterparts. In a following contribution by the same group, the graphene-based amphiphilic Janus nanosheets were applied for secondary oil recovery to eliminate the tertiary stage and save large amounts of water [110] . The Janus nanosheets provided an increased oil recovery by up to 7.5% in a saline environment [110] . Although the efficiency is lower compared to the former publication, this approach benefits from lower concentrations of nanosheets, huge amounts of saved water, and higher oil production rates for fast cost recovery [110] .
Recently, Yang et al. reported on carboxy/alkyl composite silica-based amphiphilic Janus nanosheets for tertiary or enhanced oil recovery [111] . Due to the high interfacial activity of the Janus nanosheets, the efficiency of oil recovery could be increased to 18.31% even at ultralow nanosheet concentrations of 0.005 wt% [111] .
On the other hand, millions of tons of spilled oil are released by accident to the aquatic environment each year having severe consequences for the ecological system. Therefore, the removal of oil spill from contaminated seawater is of high importance to minimize environmental hazards. However, many common cleaning materials including clay, activated carbon, and natural fibrous sorbents are neither efficient nor selective due to their weak affinity to oil [82] . Filtration systems utilizing porous membranes are another option for the removal of oil, but they are susceptible to membrane fouling and are also energy-consuming [82] . Hence, it is indispensable to develop multifunctional materials for economic and ecologic oil removal from polluted water.
The group of Yang et al. was one of the first, who employed amphiphilic Janus nanosheets as solid surfactants to collect oil spills [112] . The large-scale synthesis of the Janus nanosheets was carried out by crushing silica Janus hollow spheres [112] . To impose a magnetic response, Fe 3 O 4 NPs were adsorbed onto the amino-terminated side of the Janus nanosheets [112] . The obtained Janus nanosheets successfully stabilized oil droplets in water, which could be then collected by an external magnet [112] . Another example was given by Guan et al., who showed oleic acid-coated MnFe 2 O 4 /polystyrene JPs simply prepared on a large scale via phase separation [82] . These JPs offer three meaningful properties: amphiphilicity, magnetic properties, and catalytic activity [82] . The amphiphilicity of the JPs enabled encapsulation of oil droplets by the JPs. Afterwards, the encapsulated oil droplets could be separated by an external magnetic field within 2 min and removed from the water [82] . A further interesting approach for the separation of oil was published by Wang et al. in 2018 [113] . They reported on magnetic JPs with a convex hydrophilic and concave oleophobic surface synthesized via emulsion interfacial polymerization and selective [42] . Copyright 2013 Royal Society of Chemistry surface assembly [113] . These magnetic JPs were able to separate tiny microscaled oil droplets from water within 120 s and an efficiency of more than 99% [113] . Micro-sized oil droplets coalesce into larger oil droplets in the presence of the JPs, which act as solid surfactants to stabilize the large droplets [113] . Finally, by employing an external magnet, the oil droplets can be easily removed from the water phase [113] .
In 2013, Joseph Wang and coworkers demonstrated a more dynamic approach using hydrogen bubble-propelled Janus micromotors [42] . The locomotion is based on the magnesiumwater reaction and, thus, the JPs propel autonomously in seawater without the need for any external fuel [42] . These Janus micromotors consist of biodegradable, environmentally friendly, and low-cost 30-μm magnesium microparticles that have a nickel-gold patch for magnetic guidance and further surface functionalization [42] . The propulsion mechanism combined macrogalvanic corrosion and pitting corrosion effects in chloride-rich environments, such as seawater [42] . The gold patch was modified with long-chain alkanethiols leading to a super-hydrophobic surface which could be used for environmental "on-the-fly" oil remediation. The Janus micromotors were guided by an external magnet to approach, captured oil droplets, and transported them with a speed of 44 μm s −1 [42] .
Removal of metals
Heavy metal ions, such as Pb 2+ or Ag + , can be found in industrial sewage, posing a serious threat to public health and environment due to their high toxicity. Thus, water decontamination and environmental remediation are indispensable to ensure an acceptable water quality.
In 2015, the group of Joseph Wang demonstrated selfpropelled activated carbon-based JP micromotors for efficient and rapid "on-the-fly" removal of heavy metals, but also nitroaromatic explosives, organophosphorus nerve agents, and azo dyes [102] . The asymmetric deposition of a catalytic Fig. 11 a Schematic and microscopy images of the mechanism for the formation of the rotibot (scale bar: 50 μm). b Lysozyme-modified rotibotbased antibacterial treatment: schematic illustration of lysozyme microbeads for killing of E. coli bacteria; SEM micrographs showing live and dead E. coli before and after the treatment with lysozyme-modified rotifers, respectively (scale bar: 2 μm); statistical plot showing the E. coli bacteria killing efficiency under different treatment conditions. c Schematic illustrating the degradation of the nerve agent methyl paraoxon by OPH-microbead-modified rotibots (i); square wave voltammetry for decontamination after negative control. Bare rotifer, OPH-microbeads and OPH-modified rotibot (ii); statistical plot showing the degradation efficiency under different treatments (iii). d Schematic illustrating chelation of heavy metals by DMSA-Janus microbead-modified rotibots (i); square wave voltammetry for Cd 2+ and Pb 2+ presence after negative control, bare rotifers, DMSA microbeads, and DMSA-modified rotibot (ii); statistical plot showing the removal efficiency of Cd 2+ (iii) and Pb 2+ (iv) by different treatments. Reproduced with permission from ref. [114] . Copyright 2019 WILEY-VCH Verlag GmbH & Co-KGaA, Weinheim platinum patch onto the rough surface of activated carbon microspheres allows the bubble propulsion of the Janus micromotors with high speeds of more than 500 μm s −1 along with high adsorption capacity of Pb 2+ [102] . In a following contribution from the same group, a different type of selfpropelled microrobots, employing marine rotifers, was presented [114] . These biohybrid so-called rotibots were fabricated via electrostatic adsorption of functionalized positively charged microbeads on the negatively charged surfaces of the rotifers' cilia ( Fig. 11a) [114] . The high fluid flow towards the mouth led to a very efficient transport of contaminated water to the functionalized microbeads [114] . To chelate and remove heavy metal ions, such as Cd 2+ or Pb 2+ , the microbeads were modified with the ligand meso-2,3dimercaptosuccinic acid (DMSA) (Fig. 11d) [114] . Further environmental remediation applications were achieved by (Fig. 11b ) and the nerve agent methyl paraoxon ( Fig. 11c) , respectively [114] .
Another example of self-propelled micromotors for removal of metals was demonstrated by Park et al., who reported on magnetically steerable mesoporous silica microspheres functionalized with copper ferrocyanide, ferromagnetic nickel, and catalytic platinum layers [115] . Copper ferrocyanide is highly selective to Cs [115] . In the presence of hydrogen peroxide, the micromotors propelled via Pt-catalyzed bubble evolution, which led to an eightfold higher Cs removal of the micromotors compared to non-moving JPs [115] . Furthermore, the nickel layer made the micromotors remotely steerable and enhanced the propulsion speed to the 11-fold [115] . Thus, radioactive 137 Cs could be successfully adsorbed by more than 98% even in the presence of competing sodium ions [115] .
Removal of bacteria
Monitoring and removal of pathogenic bacteria is a longstanding issue in environmental engineering, healthcare, and nutritional industry due to their major threats to human health especially in times of increasing resistances against antibiotics. It is estimated that about 300 million people worldwide contract a bacterial infection each year [95] . Furthermore, the exposure to pathogen-contaminated water is one of the major causes of death in many developing countries [95] . To control potential human poisoning and to prevent the spread of infections, rapid and early detection and removal of bacteria is essential. In 2012, the group of Joseph Wang demonstrated self-propelled gold/nickel/polyaniline/Pt microtubular engines, which were functionalized with the lectin bioreceptors for the rapid isolation of pathogenic Escherichia coli in real time [93] . The Janus microtubular motors were fabricated via template-based electrodeposition of a polyaniline/Pt bilayer microtube and e-beam vapor deposition of outer Ni/Au layers. The Ni/Au layers were subsequently functionalized with alkanethiols and the lectin receptor (ConA) [93] . Apart from specific binding of the ConA-modified microengines to E. coli, the captured bacteria can be also released on demand triggered by using a low-pH glycine solution that is able to dissociate the lectin-bacteria complex [93] .
An approach towards non-propelling JPs for the isolation of bacteria was proposed by Maas and coworkers, who designed nanosized bifunctional magnetite@SiO 2 Janus nanoparticles with antibodies against one particular bacterial species on one hemisphere and polyethyleneglycol (PEG) chains on the other side to prevent particle agglomeration [116] . The magnetic JPs efficiently captured E.coli bacteria from a mixture of bacteria via specific antigen-antibody interactions without compromising the viability of the captured bacteria, and could be subsequently magnetically separated [116] . The Janus character of the particles prevented the agglomeration between the bacteria, contrarily to isotropically functionalized nanoparticles [116] . The presented approach allows rapid and agglomeration-free separation of live bacteria for biotechnological purposes [116] .
Removal of microplastics
Microplastic contamination has attracted attention in science and society since its remarkable persistence and harmfulness for marine organisms. Recently, Simmchen et al. developed photocatalytic Au@Ni@TiO 2 -based micromotors (Fig. 12a,b) for the removal of microplastics from personal care products and open waters [117] . They proposed two different strategies: In the first approach, individual micromotors enabled the removal based on phoretic interactions (Fig. 12c) , while chain-like assemblies of these micromotors caused shoveling and pushing interactions in the second strategy (Fig. 12d) . The chained assemblies work independent of the [13] . Copyright 2013 Royal Society of Chemistry fuel, in diluted peroxide solution and water, which is of high importance for the practical applicability.
Hydrogen production and water splitting
Another aspect to achieve a more sustainable world is the transition from fossil fuel energy sources towards renewable energy conversion concepts, e.g., solar cells or photocatalytic hydrogen production via water splitting for the production of hydrogen. Hydrogen is a promising energy carrier due to its high energy density and the formation of clean combustion products. However, there are several challenges for the fabrication of a suitable photocatalyst, such as utilization of broadband light, efficient separation and transfer of electron-hole pairs, adequate band-edge potentials for overall water splitting, and low material costs [118] . Traditional semiconducting photocatalysts often suffer from some limitations, i.e., low quantum efficiency, charge recombination, and back-reactions, which cannot be overcome by a single material [119] . Due to the unique heterostructure with combinations of materials and anisotropic surface properties of JPs, they have gained increasing interest in photocatalytic hydrogen production [13, 118, [120] [121] [122] [123] [124] . In 2013, Guan and coworkers demonstrated a strategy for large-scale fabricated JPs with controlled structure and chemical composition by an oppositely charged twin-head electrospray [13] . By electrospraying two different droplets from two tip-to-tip nozzles at high voltages of opposite polarities and after solvent evaporation and precursor gelation, these droplets collided and coagulated into JPs because of attractive Coulomb forces [13] . Employing this approach, they were able to show metal oxide-metal oxide and metal oxide-metal sulfide JPs of snowman-like, hollow-bowl snowman-like, and pot-like shape [13] . As a proof of concept, snowman-like CeO 2 -TiO 2 JPs were exemplarily used for photo-assisted water splitting for hydrogen production (Fig. 13a,b) . The observed hydrogen generation rate reached 1185 μmol h −1 g −1 (Fig. 13c) , which is at least ten times higher than for a CeO 2 -TiO 2 composite (28-102 μmol h −1 g −1 ) [13, 125] . The superior activity of the JPs was attributed to the presence of abundant heterojunctions, which led to efficient separation of the photogenerated electrons and holes [13] .
Another example of employing JPs for hydrogen production was proposed by Liu, Mlayah, Han et al. [126] . They developed non-centrosymmetric Janus Au-TiO 2 particles with interesting localized-surface-plasmon-resonance (LSPR) properties and employed them as photocatalysts for efficient plasmon-enhanced visible-light hydrogen generation [126] . The JPs provided a higher rate of hydrogen generation compared to symmetric core-shell Au-TiO 2 NPs due to stronger localization of plasmonic near-fields close to the Au-TiO 2 interface on one side of the Au NPs [126] . Thus, the plasmonic near-fields were strongly coupled to optical transitions involving the localized stated in amorphous titania, which caused efficient optical absorption and generation of electron-hole pairs for photocatalysis [126] . Even higher photocatalytic activity was found for increasing Au NP size up to 70 nm due to their stronger plasmonic near-fields [126] .
A related approach was developed by Claverie et al., who demonstrated the impact of whispering gallery mode (WGM) resonances on plasmonic photocatalysis [120] . These JPs were constituted of one gold multimer (~60 nm), which was partially embedded in a TiO 2 sphere (~440 nm) during the hydrolysis of the TiO 2 precursor [120]. This Janus system as well as several other homo-and heterogeneous particle hybrids were tested as photocatalysts for water splitting under visible-NIR illumination at λ > 420 nm [120] . While pure Au NPs, TiO 2 spheres, and Au@TiO 2 did not show any photocatalytic activity, the Janus Au multimer-TiO 2 particles provided an even 2-4 times higher activity compared to Au mono-TiO 2 of the same specific surface, size, and amount of Au NPs [120] . Furthermore, photoelectrochemical measurements proved that the Janus Au multimer-TiO 2 system generated a photocurrent under full solar light that is increased by almost a factor of 3 compared to pure TiO 2 spheres [120] . In 2017, Piao et al. showed a similar system of non-centrosymmetric Au/ TiO 2 nano-mushrooms, for which TiO 2 NPs are anchored at only one end of gold nanorods [122] . The hydrogen generation rate reached up to 52.6 μmol g −1 h −1 under sunlight irradiation from pure water without assistance of electron donors [122] . It was assumed that the dominant electron transfer occurred from the TiO 2 NPs to the gold nanorods [122] . The increased photocatalytic efficiency was caused by the directed charge separation and the formation of spatially divided redox reaction areas [122] .
JP-mediated photocatalytic hydrogen generation is not limited to single-phase media. The group of Chen fabricated anatase TiO 2based Janus catalysts via selective surface modification for realization of catalytic hydrogen productions in biphasic systems [123] . Amphiphilic TiO 2 particles grafted with 3-(trimethoxysilyl) propyl methacrylate were employed for the stabilization of a water/noctanol (Pickering) emulsion with simultaneous photocatalytic hydrogen generation [123] . The TiO 2 -based JPs showed a much higher catalytic activity compared to bare TiO 2 and to conventional biphasic systems due to the excellent emulsification properties of the JPs enabling a high accessibility for the reactants [123] .
In a following contribution from the same group, amphiphilic raspberry-like Ag 2 O-TiO 2 /SiO 2 Janus photocatalysts were presented to enhance the efficiency of photoreforming hydrogen production in biphasic systems [124] . These JPs successfully stabilized water/octanol emulsions and the hydrogen yield was significantly increased compared to bare TiO 2 , Ag 2 O-TiO 2 , and TiO 2 /SiO 2 [124] . Thus, amphiphilic photocatalytically active JPs open new pathways for efficient biphasic photoreactions of biomass-derived oils with the use of solvents.
To obtain a low-cost material and to avoid possible backward reactions, noble metals, which are commonly used as electron mediators or cocatalysts, should be replaced by more reasonable alternatives. In this context, Xiong et al. demonstrated noble-metal-free JPs consisting of γ-MnS and roxbyite Cu 7 S 4 in a cation-exchange approach [118] . This Janus system enabled photocatalytic hydrogen production rates of up to 718 μmol g −1 h −1 [118] .
Apart from JP-based hydrogen production, solar thermal conversion utilizing gallium-doped ZnO/Au JPs was shown by Liu and Xuan in 2017 [121] . They demonstrated full-spectrum volumetric solar thermal conversion over a thin layer of "photonic nanofluids" based on Janus NPs [121] . The asymmetry of the JPs enabled the coexistence of core resonances, shell plasmons, and core-shell resonances at different wavelengths [121] . Thus, the narrowband nature of single resonances was overcome and the solar thermal conversion efficiency could be improved by 10.8% and 154% compared to core-shell particles and pure galliumdoped ZnO particles, respectively [121] .
Future perspectives and challenges
In this review, we have highlighted recent challenges, developments, and new perspectives of JP-based materials for environmental and biotechnological applications, ranging from using of biogenic and biocompatible materials for the JP design, their recovery and reusability aspects to their use in environmental sensing and monitoring, water decontamination, and hydrogen production. These environmental applications certainly benefit from the unique properties of Janus-structured materials, including their high surface-to-volume ratio; high interfacial activity making them efficient stabilizers of two immiscible fluids; target controlling and manipulation of their interfacial activity by external signal such as temperature, light, pH, or ionic strength and achieving switching between stable emulsions and macro-phase separation (having a polymer coating on the surface); and recovery and recycling. Also tunable surface chemistry and functionality are very beneficial since at least bifunctional morphologies are easy to realize, which finally allow their use as carrier building blocks and attachment of various catalytically active substances (e.g., enzymes, nobel NPs) on their surface or alternatively attachment of JPs to various substrates keeping still one functionality active for further reactions. Furthermore, JPs offer great potential for the replacement of conventional (fluoro-)surfactants since they create a more permeable interface (known as "skin that can breathe" [20] ) due to interstices between the particles that allow chemical exchange between the two phases. Besides, environmental applications benefit from the ability of JPs to penetrate locations inaccessible to macroscopic solution approaches. The research works highlighted in this review can be employed to open new possibilities for the design of rational and advanced (multi)functional materials.
JPs provide a broad range of possibilities for sensing and removal of manifold pollutants in water and foodstuffs. Furthermore, the depletion of fossil energy resources, increasing CO 2 emission into the atmosphere, and the steadily increasing energy demand require alternative energy sources. JPs as photocatalysts for hydrogen production may contribute to a solution for this set of problems. Especially self-propelled Janus micro-and nanomotors have been evolved as a promising system for environmental applications due to their larger operating distance and resulting higher efficiencies compared to nonmotile counterparts.
However, the challenge of environmental sustainability we are facing in our times demands biogenic and biocompatible materials. Although a broad variety of strategies for the fabrication of JPs with various sizes, shapes, and functionalities was developed, there is only a limited number of JPs considering this challenging and ongoing quest up to now. To avoid undesirable spreading of JPs in the environment and to facilitate multiple uses, several strategies for the recovery and recycling of JPs have been developed.
Therefore, there are two major problems to be overcome for the future environmental applications of JPs. One problem is the toxicity of several materials used for the fabrication of JPs. Recently, TiO 2 powders have been classified as carcinogen by the European Commission. The practical use of silver is also restricted due to its aquatic toxicity. Also some fuels necessary for the propulsion of Janus micromotors, such as hydrazine or hydrogen peroxide, are harmful to the environment and need to be replaced or omitted. The second problem is the cost-efficient industrial implementation of JPs. Some of the frequently used materials, such as platinum, are highly expensive. Furthermore, the scalability of the JP synthesis remains critical since many strategies are too sophisticated, and cost-and time-consuming for a large-scale production.
Ultimately, several challenges have to be accepted in future directions to eliminate the current drawbacks. Many of the commonly used materials need to be replaced by environmentally friendly or biogenic alternatives, which can be (self-)degraded into harmless products after completing a process, e.g., biodegradable functional microparticles instead of plastic microbeads, and biocatalysts (enzymes) instead of synthetic catalysts. On the other hand, the JP design should offer a sufficient durability towards reusability to decrease the amount of waste and costs accruing during the fabrication process. If there is no appropriate biogenic replacement available, potential toxicity of these JPs needs to be investigated to prevent potential adverse environmental impacts and scalable methods for the JP separation have to be devised. Furthermore, scalability of the synthesis should be realized to ensure high quantities of JPs in a precise and reproducible manner for industrial application. In this context, the number of synthesis steps needs to be reduced and purification procedures may become more efficient in order to improve effectiveness in time and costs, but also in terms of chemical waste reduction. The range of applications should be also broadened, since there are many unsolved problems such as the removal of antibiotics or polycyclic aromatic hydrocarbons (PAHs) from wastewaters.
Despite the strong interest and progress in the research field of JPs, we believe that the potential of multifunctional JPs as perspective materials for environmental applications is yet not fully tapped. We suggest considering both natural and fully synthetic biocompatible and biodegradable polymers for the design of JPs and with this pushing forward the development of more environmentally friendly and sustainable materials in the very near future.
